UK implementation of the European Union Water Framework Directive (for the 2015 -2021 cycle) Ecological Status (ES) classification for river phosphorus is based on the calculation of reference conditions for reactive phosphorus (RP) using river alkalinity measurements. Underpinning this approach is that the alkalinity is primarily from rock weathering and is free of anthropogenic influences. However, the potential contribution of anthropogenic alkalinity needs to be considered and, if possible, quantified. In the rural South West River Basin District of England, 38 river sites were examined with respect to river alkalinity loads in order to test this consideration. At river base flow when RP can cause enhanced algal growth, 9 sites (24 %) had effluent alkalinity contributions amounting to 25 -49 % of the total riverine alkalinity load, while 11 (29 %) of the sites received ≥ 50 % of their alkalinity load from effluent.
Abstract
UK implementation of the European Union Water Framework Directive (for the 2015 -2021 cycle) Ecological Status (ES) classification for river phosphorus is based on the calculation of reference conditions for reactive phosphorus (RP) using river alkalinity measurements. Underpinning this approach is that the alkalinity is primarily from rock weathering and is free of anthropogenic influences. However, the potential contribution of anthropogenic alkalinity needs to be considered and, if possible, quantified. In the rural South West River Basin District of England, 38 river sites were examined with respect to river alkalinity loads in order to test this consideration. At river base flow when RP can cause enhanced algal growth, 9 sites (24 %) had effluent alkalinity contributions amounting to 25 -49 % of the total riverine alkalinity load, while 11 (29 %) of the sites received ≥ 50 % of their alkalinity load from effluent. When flows increased above base flow to Q95 flow at these 11 sites, catchment diffuse run-off became the largest load of alkalinity at 9 of the sites, and that at the Q95 flows, combined effluent and diffuse alkalinity loads contributed 68 -100 % of the total alkalinity load. Anthropogenic alkalinity is likely to be present in diffuse run-off, but it is difficult to apportion alkalinity loads between natural and contaminant sources. It is likely that diffuse loads of alkalinity will dominate on the annual timescales used to assess WFD compliance, even at sites where ground water alkalinity dominates at base river flows.
In principle, inclusion of anthropogenic alkalinity in the calculation of ES boundary concentrations for RP may lead to a relaxation of the standards. In practice this may not follow. It is likely that at the river sites used initially to develop the algorithms now used for P standard setting, anthropogenic alkalinity was present, to varying and unknown degrees, and that this alkalinity would have influenced the measured and reference RP and biological metrics on which the P standards are based. Apart from RP, alkalinity is also used to underpin water quality metrics for additional chemical and biological parameters, and for this reason, understanding the complex factors determining river alkalinity loads should be an important task for water quality regulators.
Introduction
A key goal of the EU Water Framework Directive (WFD; 2000/60/EC) is to protect, enhance and restore all surface and ground waters with the aim of achieving Good Ecological Status (GES). With respect to eutrophication and riverine phosphorus, positive steps in reducing phosphorus concentrations in, principally urban, rivers, have been made due to improvements in sewage treatment.
Nevertheless, there are still many rivers across the EU that are failing to achieve GES for this nutrient, including many in the UK. 1 Revision of River Basin Management Plans for the second cycle of the WFD (2015-2021) has been undertaken, and in the UK new river phosphorus standards have been developed. Now, the key phosphorus component is defined as reactive phosphorus, or RP. 2-4 (RP is equivalent to the orthophosphate-P determinand reported for regulatory purposes by the Environment Agency (EA) of England, and is the molydate-reactive P measured on unfiltered samples from which large particles have been allowed to settle. RP is used instead of orthophosphate-P throughout the text.) Annual mean concentrations of RP are calculated which serve as standards in order to classify the Ecological Status of a river as High, Good, Moderate or Poor with respect to phytobenthos and macrophyte communities. The standards are in part based on the calculation of a reference RP concentration representing near natural conditions at a given site, expected in the absence of anthropogenic inputs, taking into account the alkalinity (as CaCO3) of the river water at that site and the altitude of the site above sea level. 5, 6 The concentration of alkalinity present is given to be a function of natural geological and geographic factors, including geochemical weathering of underlying rock at a particular site. 5, 6 In more pristine rivers, largely unperturbed by anthropogenic inputs, this assumption is likely to be correct.
However, for rivers receiving sewage/industrial effluents and/or run-off from cultivated fields, this assumption is undermined, as these sources may contain substantial quantities of alkalinity (principally carbonate and bicarbonate, but also borate, organic acids and RP itself 7,8 ). The alkalinity may enter the river from point sources or from diffuse runoff from a catchment that has received agricultural lime and/or wastewater from leaking septic tank systems and sewers. 9,10 Shallow ground waters, contaminated by wastewater, may also be a source. 11 In these rivers, inclusion of this anthropogenic alkalinity may, in principle, increase the concentration of RP defining each Ecological Status boundary, effectively providing a more 'relaxed' standard. The extent of this effect will depend on the loads of alkalinity from anthropogenic inputs relative to other sources; for the same anthropogenic alkalinity load the effect will be less for rivers fed from a limestone aquifer than for rivers fed by low alkalinity ground water or rivers of low base flow index (BFI). The effect may also be most pronounced in rivers that are subject to significant effluent flows during the lower river flow periods that typify the spring-summer in-river algal growing season in temperate zones.
The main aim of the current study was to determine if the anthropogenic component of the alkalinity load to rivers, from point and diffuse sources, is significant in the relatively low alkalinity rivers of the predominantly rural south west of England, a region in which more than 1000 water bodies are failing GES for RP. 12
Methods

Study area
The South West River Basin District (SWRBD) has an area of ca. 21,000 km 2 , and comprises ten main river systems, seven urban centres and numerous small settlements ( Fig. 1) . The human population is 5.3 million, although tourism is important and this figure increases markedly during the holiday periods. 12 By area, the region is 80 % rural, with land use dominated by agriculture (improved grassland for grazing, arable) and horticulture, and unimproved, acidic grasslands on the upland moors ( Fig. 2a ). The geology in the west of the region is composed of Carboniferous and Devonian age bedrock (sandstone, mudstones and shales), interspersed with granite intrusions (Fig. 2b ). These rock formations contain little ground water, although shallow ground water is found in discrete alluvial deposits of sand and gravel in some river valleys. In the central part of the region (from the Somerset Levels south to the English Channel coast) the bedrock is overlain by sedimentary sandstone, mudstones and shelly limestone rock formations, and these are host to minor ground water aquifers. In the east is located a major chalk limestone aquifer, in part overlain by low permeability clays. 13
Alkalinity load estimation
River base flow (Qriver_min)
At river base flow, when ground water and effluent water dominate, the alkalinity loads from these sources can be estimated using equations 1 -5: 14 where L is alkalinity load in g s -1 , Q is flow in m 3 s -1 , dwf_effluent is treatment work dry weather flow and river_min is the minimum daily mean river flow for the period of interest. C is alkalinity concentration in g CaCO3 m -3 . For each site, the sum of dwf_effluent discharge from each sewage (population equivalent > 250) and water treatment works contributing to flows at that site (Qeffluent) was calculated. Minimum (Qriver_min) river flows were derived from gauging station data for the periods for which river water alkalinity data were available (database window 1990 -2014). The river flow data were from the UK National River Flow Archive, while effluent flow and alkalinity concentration data (Ceffluent) were obtained from the Environment Agency of England Water Information Management System (WIMS) database. The dataset for alkalinity concentration was incomplete and not all works had data for the period of interest; in these cases, alkalinity data for the geographically nearest works were used. Concentrations of alkalinity in ground waters were from the British Geological Survey; these were reported as HCO3and were converted to the equivalent CaCO3 concentration for the current study. Data for the hydrometric areas shown in Fig. 3 were reported in 11, [15] [16] [17] . Location, flow and concentration data are collated in Table   1 .
Lbaseflow = Leffluent + Lgroundwater
River flow greater than base flow
At river flows above base flow, diffuse run-off from the catchment, from the surface and unsaturated zone, will contribute to the river alkalinity load. It is important to estimate this load because, as discussed later, it will have both a natural and anthropogenic component. An estimate of the contribution of alkalinity from the catchment to a river site was derived from the value of the slope of the regression of alkalinity load vs flow, following 18 ; this approach being particularly appropriate for the predominantly low BFI river systems included in the current study. These authors used ordinary least squares regression (OLS) to quantify the relationship between load and flow, but in the current work the robust parametric bisquare weights linear regression was used because it is less sensitive to heteroscedastic data and the presence of outliers than OLS. 19, 20 Concentration and flow data for all years for each site were used to estimate the slope value because the sampling frequency was generally only ca. 12 samples y -1 and alkalinity data were not available for all years.
Bisquare weights regressions were undertaken using Matlab® R2016a.
The total alkalinity load, Lriver, is the sum of:
where Ldiffuse is the catchment-integrated alkalinity load at a given river flow (g CaCO3 s -1 ). This resulting source apportionment model (SAM) is analogous to the Type 1 E-EMMA model described in 14 , and assumes alkalinity is conservative at the temporal and spatial scales relevant to the current study. With this pragmatic SAM, the diffuse loads increase with river flow (thus for each 1 m 3 s -1 increase in flow the diffuse load (in g s -1 ) increases by the value of the regression slope) while the effluent and ground water loads are assumed to remain constant throughout the year. It is assumed effluent loads are generally constant, although they would be expected to increase during the summer tourist season. In contrast, ground water loads may increase during and following the higher rainfall winter period, although the rivers examined here have relatively low base flow indices (BFI) of generally < 0.5, 21 and so this effect may be mitigated. 
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where alkalinity is the mean annual (or longer) total alkalinity (g CaCO3 m -3 ) of the water at a given site and the altitude is height (m) above sea level. The algorithm and parameter values were derived from 116 sites across the UK which either met intercalibration criteria for reference sites or which were thought to be only minimally impacted as indicated by environmental predictors.
Results and Discussion
Alkalinity load apportionment
River base flow (Qriver_min)
The SAM was used initially to estimate alkalinity loads from groundwater and 
River flows greater than base flow
For the 11 sites with ≥ 50 % effluent contribution the SAM was used to extend the estimates of the relative importance of the ground water and effluent to include the catchment diffuse contribution to alkalinity loads as river flows increased. The SAM model with an example calculation is given in ESI 1. The catchment integrated diffuse concentrations were calculated for the 11 sites based on the WIMS locations and data periods given in Table 3 . The results of the bisquare weights linear regressions are reported in Table 4 . The three end-member SAM was used to apportion alkalinity loads for the Q95 flow for each of the 11 sites as this is a significant low flow parameter and particularly relevant in the assessment of river water quality consent conditions. 21 The results are given in Table 2 At higher Q75 flows, which still capture the generally lower flow conditions, diffuse run-off became even more dominant, accounting for 70 -93 % of total alkalinity loads, except for the Fal (61 %) and Taw (36 %); the latter presumably because of the large inputs of alkalinity from the creamery (Fig. 6 ). By extrapolation, it would appear that on an annual basis, total alkalinity loads at all sites examined in the current study, irrespective of the importance of groundwater or effluent at low flows, will be dominated by catchment run-off. This feature was perhaps unexpected at the outset of the study, and is a key finding. It is noteworthy that the concentrations of alkalinity in the catchment run-off were markedly higher than those measured in ground waters, except in the case of the Yeo (Table 5 ), suggesting that our approach in treating the two sources as distinct entities was reasonable.
As noted earlier, the overall diffuse load may have both natural and anthropogenic components. Clearly, natural weathering / leaching of carbonates from soils will provide a source of alkalinity, but this will vary as a function of, inter alia, soil composition in the unsaturated zone. Anthropogenic sources will include release of effluent from septic tank systems (STS), which are prevalent in rural areas, 9 and the application of limestone for pH control of agricultural soils (e.g. 10 ).
There are very few data on alkalinity loads from STS; reported alkalinity concentrations in STS effluents in the range 120 -570 g CaCO3 m -3 (mean ± sd, 330 ± 110 g CaCO3 m -3 ), 9 much higher than the run-off concentrations given in Tables 4   and 5 . If per capita wastewater is 0.2 m 3 d -1 , then for a population of 1000 inhabitants (for example) in a given catchment, the alkalinity load would be 0.76 g CaCO3 m -3 i.e. quite small relative to other anthropogenic sources. While evidence for alkalinity was not presented directly, there was some evidence of ground water contamination from domestic sources, including leaking sewers and septic tanks, in hydrometric areas 44, 45 and 52, with more limited evidence in the shallow ground waters in the west of the region. 11, 15 Presumably, ground water contamination followed contamination of the adjacent unsaturated zones. While ca. 50 % of the agricultural soils in SW England are acidic, with pH values below the target range of 6 -6.4, 22 regional application rates of limestone are difficult to find, and the British Survey of Fertiliser Practice published annually by DEFRA report only summary data for liming.
Thus, calculations suggest ca. 400,000 t limestone may be applied to soils in the SWRBD annually, but it is not possible to convert this to loads (as g CaCO3 m -3 ). In conclusion, the source apportionment of alkalinity within catchment run-off using this relatively simple approach remains to be resolved.
Environmental significance
In principle it is possible to calculate the GES concentrations RP at the sites examined in the current study using alkalinity with and without the estimated (Dorset and south Somerset) showed large variations in water chemistry, 15 and only in one region (Wessex Basin, hydrometric area 43) was a time series for carbonate available. 16 Finally, the estimation of the diffuse load of alkalinity for each catchment was based on an aggregate of many years of data, and it is not known if these aggregated values reflect actual temporal variability in alkalinity loads due, for example, to annual differences in run-off. Understanding temporal variability is likely to be key, given the apparent longer-term importance of this source, to setting appropriate boundary concentrations of RP.
The analysis reported herein is also likely to be of value in the wider context of UK ecological status assessment under the WFD because alkalinity is a key component of many chemical and biological assessment systems, often being used to split waters into "types" to facilitate the development of type specific reference metrics, e.g. 24 The third WFD river basin planning cycle is currently underway, providing an ideal opportunity to re-examine the role of alkalinity in status assessments at the national scale.
Conclusions
Calculation of WFD standards for river phosphorus in the UK is based on the calculation of site specific reference phosphorus concentrations using river alkalinity.
In principle, the site specific approach appears highly desirable from a management perspective, but in practice the usefulness of the method may be limited by the general lack of riverine sites which exhibit natural or near-natural conditions, a prerequisite for the approach. In the current work it has been demonstrated that, even in a region that is 80% rural by area, effluent alkalinity loads were ≥ 50% of total river alkalinity loads at base flows at a third of the sites examined. Inclusion of the effluent loads may, in principle, lead to relaxed RP boundary concentrations for GES. At higher Q95 and Q75 flows effluent loads diminished in importance but catchment diffuse loads of alkalinity increased markedly and on annual timescales are likely to dominate alkalinity loads to rivers, particularly the lower alkalinity, lower BFI rivers studied herein. Diffuse run-off is expected to be a conduit for anthropogenic alkalinity to rivers, but at this time it is not possible to quantify the anthropogenic component.
However, it is conceivable that natural groundwater sourced alkalinity is a minor component of the total riverine load at many sites over longer timescales, thus exacerbating problems setting reliable RP GES concentrations.
Whether this finding is significant in respect of defining reliable reference RP concentrations and in turn reliable standard RP boundary concentrations is not straightforward however. This is because the measured and reference chemical and biological metrics at the original sites used to define the standard setting methodology may themselves have been influenced by unrecognised sources of anthropogenic alkalinity, although the extent of this influence is unknown. In the wider context of using alkalinity as a predictor of a range of biological and chemical metrics for water quality standard setting in the UK, it is clearly important to understand in more detail the factors that influence observed concentrations of alkalinity in surface waters, and for water quality regulators this should be given some priority. Year
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